Core-collapse supernovae are connected with formation of neutron stars. Part of the gravitation energy is transformed into the energy of the explosion, observed in SN II, SN Ib,c type supernovae. The mechanism of transformation is not simple, because the overwhelming majority of the energy is going into weakly interacting neutrino. The attempts to use this energy for the explosion were not successful during about 40 years of investigation. We consider the explosion mechanism in which the source of energy is the rotation, and magnetic field serves for the transformation of the rotation energy into the energy of explosion. 2-D MHD simulations of this mechanism were performed. After the collapse the core consists of a rapidly rotating proto-neutron star with a differentially rotating envelope. The toroidal part of the magnetic energy generated by the differential rotation grows as quadratic function with time at the initial stage of the evolution of the magnetic field. The linear growth of the toroidal magnetic field is terminated by the development of magnetohydrodynamic instability, when the twisted toroidal component strongly exceeds the poloidal field, leading to a drastic acceleration in the growth of magnetic energy. At the moment when the magnetic pressure becomes comparable to the gas pressure at the periphery of the protoneutron star the MHD compression wave appears and goes through the envelope of the collapsed core. It transforms into the fast MHD shock and produces a supernova explosion. Our simulations give the energy of the explosion 0.6 · 10 51 ergs. The amount of the mass ejected by the explosion is ∼ 0.14M⊙. The implicit numerical method, based on the Lagrangian triangular grid of variable structure, was used for the simulations.
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The explosion mechanisms are:
1. Thermonuclear explosion of C-O degenerate core (SN Ia) 2. Core collapse and formation of a neutron star, with a gravitational energy release ∼ 6 · 10 53 erg, carried away by neutrino (SN II, SN Ib,c). The transformation of the neutrino energy into kinetic one is very problematic, and was not obtained firmly. Magnetorotational explosion (MRE), in the core collapse SN, is based on the transformation of the rotational energy of the neutron star into the explosion energy by means of the magnetic field.
Most of supernova explosions and ejections are not spherically symmetrical. A lot of stars are rotating and have magnetic fields. Often we can see one-side ejections. One of the main difficulties for core collapse supernova explosions is, how to transform any kind of energy of the star into the explosion energy. The magnetorotational mechanism suggested in [9] , transforms the rotational energy of the star into the explosion energy with a high efficiency of about 10%. It is acting in presence of the differential rotation when the rotational energy can be transformed to the explosion energy by the magnetic field action.
1-D calculations
1-D calculations of the magnetorotational explosion (MRE) have been performed first in [12] . The important parameter of the problem is the ratio of the magnetic and gravitational energies at the initial moment, when differential rotation starts to twist and to amplify the toroidal component, α =
Emag0
Egrav0 . In [12] rather large values of α = 0.1 and 0.01 had been considered, see Figs.2,3. 1-D calculations of MRE for lower magnetic fields, at α = 10 −2 , 10 −4 , 10 −8 , had been done in [5] , see Fig.4 . Angular velocity distribution at different time moments. is represented in Fig.5 form [12] . Variations of different types of kinetic energy during MRE are given in Fig.6 from [12] .
The main results of 1-D calculations are the following. Magneto-rotational explosion (MRE) has an efficiency about 10% of rotational energy. For the neutron star with mass ≈ 1.2M ⊙ the ejected mass is about 0.1M ⊙ , the explosion energy is about 10 51 erg. Ejected mass and explosion energy depend weekly on the parameter α, explosion time strongly depends on α, Explosion time t expl ∼ 1/ √ α [5] . Small α is difficult for numerical calculations with EXPLICIT numerical schemes because of the Courant restriction on the time step for a stiff set of equations: small α determines a stiffness. In 2-D numerical an IMPLICIT numerical schemes should be used.
The difference scheme for 2-D calculations
First 2-D calculations, showing jets in the collapse of rotating magnetized star had been performed in [18] . Very large magnetic field was taken, so twisting of magnetic field lines, expected in a realistic situation, was not important for the explosion, see Figs.7, 8 .
The difference scheme used in the present calculations is described in [7] , [6] . The scheme is based on the method of basic operators -grid analogs of the main differential operators: GRAD(scalar) (differential) GRAD(scalar) (grid analog) DIV(vector) (differential) DIV(vector) (grid analog) CURL(vector) (differential) CURL(vector) (grid analog) GRAD(vector) (differential) GRAD(vector) (grid analog) DIV(tensor) (differential) DIV(tensor) (grid analog) The scheme is implicit. It was developed, and its stability and convergence was investigated by the group of N.V.Ardeljan in Moscow State University. The scheme is fully conservative, providing conservation of the mass, momentum and total energy, and giving correct calculation of the transitions between different types of energies. Matrices for the transformation are symmetrical. The difference scheme is Lagrangian, with triangular grid, and possibility of grid reconstruction, see Fig.9 . The angular momentum conserves automatically in this scheme.
The astrophysical application of this scheme was started by calculations of a collapse of a nonmagnetized rotating protostellar cloud, important in the problem of star formation [1] . Rigidly rotating uniform gas sphere was considered for initial conditions. The cloud, as a rigidly rotating uniform gas sphere, was taken with the following initial parameters: 
On the outer boundary the pressure was taken to be equal to a small constant (p = 0.87 · 10
dyn/cm 2 ). At the outer boundary of the cloud, the gravitational potential Φ is defined by the integral Poisson formula, using the expression for the volume potential. The results of calculations, showing formation of the bounce shock, and subsequent outburst are represented in Fig.10 from [1] .
Presupernova Core Collapse
Collapse and formation of a rapidly and differentially rotating neutron star had been calculated in [2] in non-magnetized approximation. Equations of state takes into account degeneracy of electrons and neutrons, relativity for the electrons, nuclear transitions and nuclear interactions. Temperature effects were taken into account approximately by the addition of the pressure of radiation and of an ideal gas. Neutrino losses and iron dissociation were taken into account in the energy equations. A cool white dwarf was considered at the stability limit with a mass equal to the Chandrasekhar limit. To obtain the collapse we increase the density at each point by 20% and switch on a uniform rotation.
The hydrodynamical equations with gravity for modelling the nonstationary processes in rotating gaseous bodies are:
Here the equation of state and the function of neutrino losses have been represented by following functions
where ε F e (ρ, T ) is the iron dissociation energy, F(ρ,T) is the function of neutrino losses, among which only the URCA process losses are important. Other losses, such as pair annihilation, photo production of neutrino, plasma neutrino were also included in the calculations. 
The URCA losses f (ρ, T ) have been described by formula [12] , obtained by approximation of tables from [17] . Other losses (unimportant) are included in Q tot .
Neutrino absorption is important in deeper layers of the neutron star. It is taken into account implicitly, by multiplying the transparent neutrino flux by the multiplier e − τν 10 , where the effective neutrino optical depth τ ν is calculated using local density gradients [2] , [4] . Initial state was chosen as a spherically symmetric star, with a mass 20% larger than the limiting mass of the corresponding white dwarf M = 1, 0042M ⊙ + 20%, and rotating uniformly, with an angular velocity 2.519 (1/sec). The temperature distribution was taken in the form T = δρ 2/3 . The initial triangular grid covering a quarter of the circle, where equations are solved, is represented in Fig.11 .
Results of calculations are represented in Figs.12 -14. The collapse is stopped due to formation of a stable neutron core, rotating almost uniformly. The shock is reflected from the core, leaving behind a hot plasma, where vortexes are generated. It leads to a strong mixing, what is important for the interpretation of observations of the light curve of SN 1987A. The light curve, corresponding to the radioactive decay of 56 Ni → 56 Co → 56 Fe was observed in this object, what could be explained by enrichment of the outbursting matter due to mixing with deeper layers.
The main result of these calculations is a self-consistent model of the rapidly rotating neutron star with a differentially rotating envelope. The adjusting parameters are chosen to reproduce the calculations with a refined account of the neutrino transport [13] . In correspondence with these calculations we have obtained that the bounce shock wave and neutrino deposition do not produce SN explosion. Distribution of the angular velocity is represented in Fig.14 . The period of rotation of the almost uniformly rotating core of the young neutron star is about 0.001 sec.
2-D magnetorotational supernova
Calculations of magnetorotational core-collapse supernova have been performed in [4] . Magnetohydrodynamic (MHD) equations with self-gravitation, and infinite conductivity have been solved using the same numerical scheme as described above. The set of equations is the following: Initial toroidal current J φ (see Fig.15 ) was taken at the initial moment (time started now from the stationary rotating neutron star) producing H r , H z according to Bio-Savara law
Initial magnetic field of quadrupole-like symmetry is obtained by opposite directions of the current in both hemispheres (Fig.16 ). Magnetic field is amplified due to twisting by the differential rotation, and subsequent development of the magnetorotational instability. The field distribution for initial quadrupole-like magnetic field with α = 10 −6 , at the moment of the maximal energy of the toroidal magnetic field is represented in Fig.17 . Two dark areas: near the equatorial plane, and around the axis at 45 o , show the regions with local maxima of the toroidal magnetic field H 2 φ . The maximal value of H φ = 2.5 · 10
16 Gs was obtained in the calculations. The magnetic field at the surface of the neutron star after the explosion is H = 4 · 10 12 Gs. Temperature and velocity fields development with time is given in Fig.18 . Time dependencies during the explosion of different types of the energy: rotational energy, gravitational energy, internal energy, kinetic poloidal energy, are given in Figs.19 . The evolution of the magnetic poloidal energy and magnetic toroidal energies are given in the right side of Fig.20 . Distribution of the specific angular momentum rv φ at different time moments is given in Fig.20 (left), and Fig.21 .
Almost all gravitational energy, transforming into heat during the collapse, is carried away by weakly interacting neutrino. Dependence of the neutrino luminosity, and integral neutrino losses on time are represented in Fig.22 . A mass "particle" is considered ejected if its kinetic energy is greater than its potential energy. Time dependence of the ejected mass in (M ⊙ ), and the ejected energy during the magnetorotational explosion with a quadrupole-like field are represented in Fig.23 . The total energy ejected in the kinetic form is equal to 0.6 · 10 51 erg, and the total ejected mass is equal to 0.14M ⊙ .
Magnetorotational instability
Magnetorotational instability (MRI) leads to exponential growth of magnetic fields. Different types of MRI have been studied in [15] , [22] , [8] , [21] . MRI starts to develop when the ratio of the toroidal to the poloidal magnetic energies is becoming large. In 1-D calculations MRI is absent because of a restricted degree of freedom. Therefore the time of the MR explosion is increasing with α as
Egrav0 . Due to the development of MRI the time of the MR explosion depends on α much weaker. The ratio of two magnetic energies is changing with time almost with the same speed for all α, so MRI starts almost at the same time. The MR explosion happens when the magnetic energy is becoming comparable to the internal energy, at least in some parts of the star. While the starting magnetic energy linearly depends on α, and MRI leads to exponential growth of the magnetic energy, the total time of MRE in 2-D is growing logarithmically with decreasing of α, t expl ∼ − log α. 
Toy model of the MRI development
Toy model of the MRI development shows an exponential growth of the magnetic fields at initial stages of MRI development in 2-D. Initially MRI leads to formation of multiple poloidal differentially rotating vortexes. Angular velocity of vortexes is growing (linearly) with a growth of H ϕ .
The right-hand side is constant at the initial stage of the process. When the toroidal field reaches its critical value H * ϕ , the MRI instability starts to develop. As follows from our calculations, the critical value corresponds to the ratio between total over the star toroidal and poloidal magnetic energies ∼ 1 − 3. A local value of this critical ratio is much larger, reaching at the beginning of MRI ∼ 10 4 in the regions of the maximal growth of the toroidal magnetic field, what in time roughly corresponds to about 100 rotations of the neutron star core. These regions serve as germs for subsequent development of MRI in other parts of the star. The appearance of MRI is characterized by formation of multiple poloidal differentially rotating vortexes, which twist the initial poloidal field leading to its amplification according to
where l is the coordinate, directed along the vortex radius, ω v is the angular velocity of the poloidal vortex. Qualitatively the poloidal field amplification due to the vortexes induced by MRI is shown in the Fig. 25 . The enhanced poloidal field immediately starts to take part in the toroidal field amplification according to (13 
Jet formation in MRE
Jet formation in MRE happens when the initial magnetic field is of a dipole-like structure. 2-D calculations with the initial dipole-like magnetic field gave almost the same values of the energy of explosion ∼ 0.5 · 10 51 erg, and ejected mass ≈ 0.14M ⊙ (see Figs.26 ), but the outburst was slightly collimated along the rotational axis [19] .
Violation of mirror symmetry of magnetic field
There is a violation of the mirror symmetry of magnetic field when two components dipole + quadrupole are present from the beginning [23] . Another possibility of violation of the mirror symmetry of magnetic field was considered in [11] . If we start from axially symmetric configuration with a mixture of poloidal and toroidal fields with different parity, than any exchange between these two components will lead to such violation. For example, if we start from the dipole-like poloidal field (negative parity), and symmetric toroidal field with a positive parity, than twisting of the dipole magnetic field by the differential rotation leads to creation of additional toroidal field with a negative parity, Therefore the total resulting toroidal field will become asymmetric relative to the equatorial plane, see The magnetorotational explosion with a mirror asymmetric field will be always asymmetrical. A kick velocity due to such asymmetry of the magnetic field could be up to ∼ 300 km/sec [11] . The interaction of the neutrino with asymmetric magnetic field could increase the kick velocity up to ∼ 1000 km/sec, giving a possibility to explain the origin of velocities of the most rapidly moving pulsars [10] .
Conclusions
and one-side jet formation.
